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A recent  study  reported  considerable  sediment  trapping  by  three  large  channel  bars  down-
stream 18–28  km  of the  Mississippi–Atchafalaya  River  diversion  (commonly  known  as  the
Old  River  Control  Structure,  ORCS)  during  the  2011  Mississippi  River  ﬂood.  In this  study,
we  analyzed  3-decadal  morphological  changes  of the 10-km  river  channel  and the three
bars  to elucidate  the  long-term  effects  of river  engineering  including  diversion,  revetment
and  dike  constructions.  Satellite  images  captured  between  1985  and 2015  in approximate
5-year  intervals  were  selected  to  estimate  the  change  of  channel  morphology  and  bar  sur-
face  area.  The  images  were  chosen  based  on river  stage  heights  at the  time  when  they  were
captured  to  exclude  the  temporal  water  height  effect  on channel  and  bar morphology.  Using
a set  of  the  satellite  images  captured  during  the  period  of  1984–1986  and  of 2013–2014,
we  developed  rating  curves  of  emerged  bar surface  area  with  the  corresponding  river stage
height for determining  the  change  in bar  volume  from  1985  to  2013.  Two  of  the  three  bars
have grown  substantially  in the  past  30 years,  while  one  bar has  become  braided  and  its
surface  area  has  shrunken.  As  a whole,  there  were  a net gain  of  4,107,000  m2 in surface
area  and  a net  gain  of 30,271,000  m3 in  volume,  an equivalent  of  approximately  36 million
metric  tons  of  sediment  assuming  a bulk  density  of 1.2  t/m3. Sediment  trapping  on  the  bars
was prevalent  during  the  spring  ﬂoods,  especially  during  the period  of 1990–1995  and  of
2007–2011  when  large  ﬂoods  occurred.  The  results  suggest  that  although  revetments  and
dikes  have  largely  changed  the  morphology  of the  channel  and  the  bars,  they  seem  to  have
a  limited  impact  on  the  overwhelming  trend  of  sediment  deposition  caused  by  the  river
diversion.
©  2016  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the
CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The Louisiana Gulf coast in the USA has experienced one of the highest sea-level rises over the past century (Ivins et al.,
2007). Concurrently, the Mississippi River Delta has undergone rapid land loss since the early 20th century (Britsch and
Dunbar, 1993; Craig et al., 1979; Gagliano et al., 1981; Scaife et al., 1983). Since 1932 a total land loss of approximately
4900 km2 has been reported for Louisiana’s delta plain (Couvillion et al., 2011). A number of natural and human factors
have been attributed to the problem including river engineering (Meade and Moody, 2010; Turner, 1997), accelerated
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2214-5818/© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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ubsidence (Gagliano et al., 1981; Yuill et al., 2009), reduced riverine sediment supply (Kesel, 1988; Meade and Moody,
010), disconnection of the river with its ﬂoodplains (Xu, 2014), coastal land erosion (Wilson, 2004), and relative sea level
ise (Georgiou et al., 2005). Couvillion et al. (2013) projected that, if no actions were taken, at least another 2118 km2 land
f Louisiana’s coast would be lost over the next 50 years. This land loss possesses a serious threat to the energy industry,
iver transportation, and commercial ﬁsheries in this region, all of which have the level of national importance.
Currently, large sediment diversions are being proposed for restoring and protecting the sinking Louisiana’s coast by
iverting river water and sediment into the wetlands and estuaries surrounding the Lower Mississippi Rivers (LMR) (CPRA,
012). Studies have been conducted extensively in the recent years on design and site selection of diversions (Gaweesh
nd Meselhe, 2016; Meselhe et al., 2012; Nittrouer et al., 2012), magnitude of diversion discharge (Wang et al., 2014), and
peration strategy (Allison et al., 2014; Rosen and Xu, 2014). A few studies have also looked at potential impacts of river
iversions on upstream and downstream sediment transport through modeling (Brown et al., 2013), short-term channel
esponses to opening of a large river spillway (Allison et al., 2013), wetland ecosystems (Couvillion et al., 2013), vegetation
over (Kearney et al., 2011), and physiochemical conditions of estuaries (Das et al., 2012; Lane et al., 2007). However, studies
n long-term effects of large river diversions on nearby downstream channel morphology and sediment transport are scarce.
uch information should be tightly associated with the design of proposed diversions because morphological response of
he river reach may  affect ﬂood conveyance, channel stability and sediment supply to downstream reaches (Surian, 1999).
River diversions remove water from rivers and impose primary changes on ﬂow and sediment transport (Church, 1995).
o date, a number of studies have focused on the effects of diversions on downstream channel morphology and sediment
eposition. For instance, for the rivers in montane environments, Baker et al. (2011) found that decreased ﬂow velocity
nd ﬁne sediment deposition downstream of diversions on 13 streams in the western America. Gaeuman et al. (2005)
eported that water diversions eliminated moderate ﬂood events which caused vegetation encroachment in the channel
nd corresponding channel narrowing. However, Ryan (1997) found subtle change in subalpine channels downstream of
iversions. For alluvial rivers and reaches, Caskey et al. (2015) reported that channel simplifying and narrowing could
ccur because of diversion-induced ﬂow alterations in single-thread, straight and meandering, alluvial channels on low to
oderate gradient (<3%) valley segments. Wang et al. (2008) predicted that sediment deposition would develop along the
hole reach in the long term downstream of the large water diversions in the Lower Yellow River. In general, these studies
llustrate that the morphological responses of the downstream channels to the diversions are not only related to the changes
n ﬂow regimes and sediment availability, but also to the bed types and channel slope and geometry.
In the LMR, the extensive modiﬁcations have been undertaken since 1920s. Artiﬁcial cutoffs, levee and dike construction,
ank revetment, and reservoir building along major tributaries have largely complicated the geomorphological response of
he river reach (Harmar et al., 2005). The river engineering has forced channels to adjust, often resulting in the development
f mid  channel bars (Smith and Winkley, 1996). However, in his assessment on channel bars of the Lower Mississippi
iver, Kesel (2003) showed that the bar size and volume from 1880 to 1963 in the lowermost Mississippi River had little
hange. It has been debated whether this trend has remained in the past several decades. Therefore, studying historical
hanges of channel bars near diversions can help better understand possible geomorphic responses of a river reach to its
roposed future diversion, The Mississippi–Atchafalaya River diversion at the Old River Control Structure (ORCS), with three
hortly downstream large channel bars and nearby revetments and dikes, offer an excellent case to study the effects of these
ngineering practices on channel morphology and bar dynamics in the Lowermost Mississippi River. Little and Biedenharn
2014) recently completed an assessment on the riverbed from the ORCS to the mouth of Mississippi River outlets using
ingle beam bathymetric data acquired in 1963, 1975, 1992, 2004 and 2012 (Little and Biedenharn, 2014). However, there
as little information on bar emergence and sediment deposit because their work mainly focused on the bed elevation
hange. This, along with the relative coarse time resolution of the surveys, makes it difﬁcult to discern the individual effects
f the river engineering practices on bar and channel form changes
The purpose of this study is to examine morphological changes of the 10-km long river channel and the three emerged
hannel bars nearly downstream of the diversion during 1985–2015. Specially, we utilized satellite images and long-term
ydrologic data to (1) examine the impacts of the diversion on ﬂow regime, (2) interpret the morphological change of the
iver channel, and (3) quantitatively estimate variations of surface area and volume of three large channel bars located in
he studied reach. The main goal of this study is to elucidate the effects of the large river diversion, revetments and dikes on
he morphology of river channel and emerged channel bars. Such information can be helpful for the design of engineering
rojects in advance to reduce possible hazards in ﬂood protection and navigation safety downstream of the proposed large
ediment diversions in the LMR  or elsewhere.
. Study area
The lowermost Mississippi River is deﬁned as the last 500-km long river reach from the Mississippi–Atchafalaya River
iversion – the Old River Control Structure (ORCS) (31◦04′36′′N, 91◦35′52′′W)  to the river’s Gulf outlet (Fig. 1). The ORCS was
uilt to prevent the majority of Mississippi River water from being captured by the Atchafalaya River (AR). The overbank
tructure, low sill structure and outﬂow channel were completed in 1963. An auxiliary inﬂow channel and a hydroelectric
tation were built in 1987 and 1991, respectively. Latitude ﬂow is deﬁned as water in the MR  and AR ﬂow across the latitude
f Red River Landing (30◦ 56′20.4′′) which is an important term in the diversion management. The often-quoted number of
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Fig. 1. Three large channel bars – Shreves Bar, Angola Landing and Miles Bar locate in a 10-km long reach which is shortly below the Mississippi–Atchafalaya
River diversion – Old River Control Structures (ORCS). The ORCS includes hydropower project, overbank, low sill and auxiliary structures. All three channels
in  the ORCS divert water from the Mississippi River to the Atchafalaya River. The Lower Old River is a navigation channel and controlled by navigation
lock.  Two gauging stations – Tarbert Landing and Red River Landing are shown. The west bank of the 10-km studied reach is protected by revetment. In
addition, one revetment was  built in front of Miles Bar.
diverted ﬂow by the ORCS is 30% of latitude ﬂow, but the percentage varies in every year, ﬂuctuating between 15% and 29%
(Mossa, 1996).
The 10-km long river reach investigated in this study is located shortly downstream of the ORCS. The reach includes two
mid-channel bars – Shreves Bar and Miles Bar and one point bar – Angola Landing, and they are located approximately 18,
24, and 26 km downstream of the ORCS (Fig. 1), respectively. In addition to the ﬂow regulation by the diversion, several river
engineering constructions exist in the reach which include a trenchﬁll revetment through the middle of Miles Bar, stone
dikes on the east bank of the river and one single dike near Miles Bar. These constructions were done between September
1990 and June 1996 (Copeland et al., 2010). In addition, the whole west bank of the reach is also protected from erosion by
revetments.
Several gauge stations are located in the reach. Red River Landing (RRL) gauge station measures daily river stage data and
the available data is from 1987 (30◦57′39′′N., 91◦39′52′′W;  river kilometer 487, or river mile 302.4; USACE Gauge ID: 01120).
The U.S. National Oceanic and Atmospheric Administration (NOAA) uses the station’s stage for lowermost Mississippi River
ﬂood prediction. Tarbert Landing (TBL) gauge station (31◦00′30′′N, 91◦37′25′′W),  located at river kilometer 493 (river mile
306.3), about 16 km downstream the ORCS, provides the discharge data spanning the longest period for the lowermost
Mississippi River where both the U.S. Geological Survey (USGS) and the U.S. Army Corps of Engineers (USACE) have a
monitoring station (USGS Station ID: 07295100 and USACE Gauge ID: 01100).
3. Methods
3.1. Data collection
Satellite images and river stages are two major sources of data used in this study. A series of cloud-free satellite images
coving the study area (Path 23 Row 39), Landsat Surface Reﬂectance Climate Data Record (CDR), were collected from the
USGS for the period from 1984 to 2015. CDR is a subsequent product of level-1 data of Landsat 4–5, Landsat 7 and Landsat
8 processed by the Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) (Wolfe et al., 2004). LEDAPS is
designed for atmospheric correction by considering the impacts of water vapor, ozone, geopotential height, aerosol optical
thickness, and digital elevation. High accuracy 6S (Second Simulation of a Satellite Signal in the Solar Spectrum) radiative
transfer codes (Kotchenova and Vermote, 2007; Vermote et al., 1997) was  used in LEDAPS to generate the products including
Top of Atmosphere (TOA) Reﬂectance, Surface Reﬂectance, Brightness Temperature, and masks for clouds, land, and water
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Table  1
Landsat CDR images used for estimation of the change in bar surface area and the dates and river stages when the images were captured.
Date River Stage (m)  Landsat CDR products No.
22 Aug 1985 6.42 LT50230391985234XXX04
24  Nov 1990 6.46 LT50230391990328XXX05
21  Oct 1995 6.55 LT50230391995294XXX02
21  Aug 1999 6.54 LE70230391999233EDC00
25 Sep 2003 6.68 LT50230392003268LGS01
20 Sep 2007 6.51 LT50230392007263CHM01
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t17  Oct 2011 6.42 LT50230392011290EDC00
18  Sep 2015 6.72 LE70230392015261EDC00
Masek et al., 2006). In our study, the products of surface reﬂectance and water mask were used to acquire the channel
orphology and surface area of the channel bars. The images with atmospheric correction are beneﬁcial for the estimation
f surface area change in the long term.
Daily river stage data at Red River Landing (Station ID: 01120) were collected for the period from 1984 to 2015 to
etermine emerged surface area of the channel bars. For the same period, daily river discharge at Old River Outﬂow Channel
OROC) (Station ID: 02600) and Tarbert Landing (Station ID: 01100) were also collected to characterize ﬂow conditions in
he studied river reach. The discharge at OROC included the discharge in Hydropower project, Auxiliary structure and Low
ill structure (Fig. 1).
.2. Estimation of channel morphology and surface area change of the bars
River stage affects the appearance of channel morphology and the size of emerged surface area of the channel bars.
herefore, the long-term estimation of them by satellite images must ensure that the river stages on the days when images
ere captured were similar. Besides, suitable time interval of the images is important to well reveal the morphological
hanges of the channel and bars. Based on these criterions, eight images with 4 or 5-year time interval were selected from
985 to 2015 (Table 1). The river stages on these dates were very close (6.42–6.72 m).
River channel and bar outlines in each of these images were digitized in ArcGIS 10.3 software (ESRI, Redlands, California,
SA). Shortwave band–band 5 (1.55–1.75 m)  of the images was  used in the digitization because land and water can be
asily differentiated in this band.
.3. Estimation of volume change of the bars
The method of surface area – river stage rating curve has been successfully applied to estimate the volume change of
hreves Bar, Angola Landing and Miles Bar before and after the 2011 spring Mississippi River ﬂood (Wang and Xu, 2015).
n their study, the rating curves for each of the three bars before and after the ﬂood were built by a series of river stages
x-axis) and corresponding surface areas of the bar (y-axis) (Fig. 2). The emerged surface areas at different river stages can
e acquired from corresponding images used the method described in Section 3.2. The rating curves were best ﬁtted by
nd-order polynomial equations (Fig. 2b).
Volume (Vs) of each bar between the highest stage (Dh) and the lowest stage (Dl) then was calculated by integral based
n the surface area – river stage rating curves (Wang and Xu, 2015):
Vs =
∫ Dh
Dl
(
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(1)
here Vs is the bar volume, Dh is the highest river stage, Dl is the lowest stage, and a, b and c are constants.
In the present study, the volumes of the three bars in 1985 and 2015 are needed to estimate. For building the rating
urves of the three bars in these two years, ideal situation is that enough cloud-free images in each year exist to cover a
arge range of river stage which helps acquiring more surface areas in the year. However, the examination of river stages
nd images found that the amount of available images are not able to build the rating cures in 1985 and 2015. After careful
onsideration, instead, eight images captured during 1984 and 1986 were selected to build the rating curve in 1985 (Table 2).
he river stages associated with these images were from 5.5 to 15.3 m.  In addition, eight images taken in 2013 and 2014
ere used to estimate the bar volume in 2013 because no enough images can be used to develop the rating curves in 2014
r 2015. The river stages associated with these images were from 6.1 to 15.9 m.  The common range of the river stages in
hese two periods was from 6.1 to 15.3 m which was used as the limits of integration to estimate the bar volume.
Standard error of the estimate (SE) was used to measure the error of these rating curves.SE =
√∑(
yˆ − y
)2
N − P (2)
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Fig. 2. (a) Diagram of a channel bar with its ﬂuctuating emerged surface area in the relation with river stage height. Dh and Dl are the highest and lowest
river  stage; (b) A surface area – river stage rating curve, which usually can be best ﬁtted by a second order polynomial equation according to Wang and Xu
(2015).
Table 2
Dates and product numbers of Landsat CDR images used for estimation of the change in bar volume at different river stages when the images were captured.
Date Stage (m)  Landsat CDR products No. Date Stage (m) Landsat CDR products No.
Volume estimation in 1985 Volume estimation in 2013
07 Nov 1984 11.0 LT50230391984312XXX02 29 Apr 2013 14.3 LC80230392013119LGN01
09  Dec 1984 12.0 LT50230391984344XXX03 15 May  2013 15.9 LC80230392013135LGN01
16  Apr 1985 15.3 LT50230391985106XXX03 04 Sep 2013 7.5 LC80230392013247LGN00
22  Aug 1985 6.4 LT50230391985234XXX04 07 Nov 2013 6.1 LC80230392013311LGN00
21  May 1986 9.3 LT50230391986141XXX03 27 Feb 2014 9.8 LC80230392014058LGN00
24  Jul 1986 9.8 LT50230391986205XXX05 05 Jul 2014 11.5 LC80230392014186LGN01
25  Aug 1986 5.5 LT50230391986237XXX04 23 Sep 2014 9.1 LC80230392014266LGN00
28  Oct 1986 12.9 LT50230391986301XXX03 25 Oct 2014 10.7 LC80230392014298LGN00
where SE is the standard error of the estimate, yˆ is the predicted value and y is the actual value, N is the sample size, P
is the number of the parameters in the model, for linear regression, P = 2, for second order polynomial regression, P = 3. SE
calculates the average distance between observed values and the regression line. Smaller SE indicates smaller prediction
error. Coefﬁcient of variation (CV) as the ratio of SE to the mean of the observed values was  also used to estimate model
error.
4. Results
4.1. Long–term hydrologic conditions
Over the past 30 years (1985–2015), daily discharge at Tarbert Landing of the lowermost Mississippi River averaged
14,968 cubic meter per second (cms), varying from 3143 cms  in the extreme dry year of 1988 to 45,845 cms  in the ﬂood
year of 2011 (Table 3). During the same period, the river was  diverted through the Old River Outﬂow Channel (OROC) with
a daily average of 4365 cms, ﬂuctuating from zero ﬂow for 26 days in 1987 and a high discharge of 19,001 cms  in May 2011.
Therefore, the ratio of the diverted Mississippi River to the total discharge at TBL and OROC varied from 0% to 38%, with an
average ratio of 23%. The ratio did not change with the total discharge but often had an opposite tendency (Fig. 3). Seasonally,
discharge of the lowermost Mississippi River is high during the winter and spring and low during the summer and early fall.
Despite of the ﬂow seasonality, on average 24% of the river during the seasons was still diverted into the Atchafalaya River
(Table 3). In a long-term river ﬂow study at Tarbert Landing, Rosen and Xu (2014) separated the corresponding ﬂow regimes
<13,000 cms  for Low Flow Stage, 13,000–18,000 cms  for Action Flow Stage, 18,000–25,000 cms  for Intermediate Flow Stage,
25,000–32,000 cms  for High Flow stage, and >32,000 cms  for Peak Flow Stage.
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Table  3
Long-term (1985–2015) and seasonal discharge at Tarbert Landing (TBL) and Old River Outﬂow Channel (OROC). Ratio values are proportion of diverted
river  at OROC from the Mississippi River.
Discharge (cms)
1985–2015 Average values for each season
Annual mean (min–max) Spring Summer Fall Winter
TBL 14,968 (3143–45,845) 21,303 13,862 8499 16,226
OROC  4365 (0–19,001) 6068 4438 2689 4250
Total  19,333 (4191–64,676) 27,370 18,299 11,188 20,475
Ratio  23% 22% 24% 24% 21%
Fig. 3. Long-term trend of ﬂow at the Mississippi–Atchafalaya River diversion. Total discharge is the sum of discharge at Old River Outﬂow Channel (OROC)
and  at Tarbert Landing (TBL); Ratio of diversion is the ratio of discharge at OROC to the Total discharge of the Mississippi River. Both of these two discharges
were  presented with a 120–day moving average. The upper line and the lower line indicate the mean ratio of diverted water (23%) and mean total discharge
(19,333 cms), respectively. The long-term discharge data were obtained from the U.S. Army Corps of Engineers.
F
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1ig. 4. Changes in the relationship between daily mean river stage and discharge downstream of the Mississippi–Atchafalaya River diversion over the past
0  years. The river stage data were collected at Red River Landing, the discharge data were collected at Tarbert Landing, and these data were obtained from
he  U.S. Army Corps of Engineers and the U.S. Geological Survey.
The discharge – river stage rating curves in 1988, 1999 and 2015 (Fig. 4) showed a continuous change in their relationship
ver the past 30 years. For instance, at the discharge of 6000 cms, the corresponding daily mean river stage was 4.9 m in
988, 5.5 m in 1999 and 6.2 m in 2015. Overall, there was an increase of 1.3 m in river stage from 1988 to 2015 for a same
uantity of discharge. The rising trend of the river stage is more apparent at higher ﬂows, for instance, at a discharge between
4,000 to 22,000 cms, the river stage increased by approximately 1.5 m from 1988 to 2015.
16 B. Wang, Y.J. Xu / Journal of Hydrology: Regional Studies 8 (2016) 10–25Fig. 5. Morphological change of a 10-km long river channel downstream of the Mississippi–Atchafalaya River diversion from 1985 to 2015. The middle
(M)  and the lower (L) sections of the channel experienced substantial sediment deposition on their east banks, causing the channel narrowed by 800 m in
average.
4.2. Morphological change of the river channel
Over the past 30 years, the studied 10-km long river reach below the Mississippi–Atchafala River diversion experienced
marginal changes on its west bank, but signiﬁcant changes on its east bank (Fig. 5). As a whole, the reach can be divided
into three different segments based on the variation of the east bank. The east bank of the upper reach (U) has been eroding
since 1985, causing the channel to widen by about 150 m.  In the middle reach (M), the east bank experienced substantial
sediment trapping, narrowing the channel by about 550 m.  Comparing to the upper and the middle reach, the lower reach
(L) showed the most dynamic change: during the 5-year period 1985–1990, the channel was  signiﬁcantly widened by about
360 m;  in the following 5 years, the channel widening continued for another 120 m on both east and west banks; however,
in the last 20 years, the channel width declined by about 1000 m.  In the west bank, about 400 m channel narrowing also
occurred in 2003–2015.
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Fig. 6. Morphological changes of Shreves Bar, Angola Landing and Miles Bar downstream of the Mississippi–Atchafalaya River diversion over the past 30
years.  The river stage is close in each image (6.42–6.72 m). The construction of a trenchﬁll revetment through the middle of Miles Bar and the dikes on the
east  bank of the river and on the Miles Bar head in the early 1990s greatly changed the morphology of the channel and the bars. The trenchﬁll revetment
caused the sediment on its east side was  rapidly removed by river ﬂow in 1990–1999 (Fig. 6b–d). The revetment then became the new river bank which
narrowed the main channel. The thalweg was  also shifted to the east side of Miles Bar (Fig. 6d). During the same period of revetment construction, 5 spur
dikes  were built along the east bank of the reach (4 visible in Fig. 6c and d).
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kig. 7. Annual change rate of emerged surface area of three large channel bars downstream of the Mississippi–Atchafalaya River diversion in different
eriods  of 1985–2015.
.3. Long-term change in bar size
Over the past 30 years, the three major bars nearby downstream of the Mississippi–Atchafalaya River diversion showed
 signiﬁcant change in their size and shape (Fig. 6). Located nearest to the river diversion, Shreves Bar showed ﬁrst a slight
ecline in its surface area during 1985–1990, then a steady longitudinal increase, leading to a continuous elongation to
he present day (from 2700 m to 3800 m).  The fastest increase rate of it was  between 1990 and 1995 (Fig. 7). Located six
ilometers downstream of Shreves Bar and two kilometers upstream of Miles Bar, the size of Angola Landing, was  very small
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Table 4
Estimation of surface area by satellite images and their changes comparing to the last dates (italic) for three large channel bars near the
Mississippi–Atchafalaya River diversion in 1985–2015.
Date Shreves Bar Angola Landing Miles Bar
Emerged Area and changes (m2)
22 Aug1985 1,303,600 115,300 2,046,000
24  Nov1990 1,265,400 (−38,200) 288,800 (+173,500) 2,099,200 (+53,200)
21  Oct 1995 1,582,900 (+317,500) 1,453,500 (+1,164,700) 1,529,700 (−569,500)
21  Aug 1999 1,528,900 (−54,000) 2,987,600 (+1,534,100)  961,600 (−568,100)
25  Sep 2003 1,755,700 (+226,800) 3,273,600 (+286,000) 1,041,000 (+79,400)
20  Sep 2007 1,823,300 (+67,600)  3,477,400 (+203,800) 1,251,600 (+210,600)
17  Oct 2011 1,909,900 (+86,600)  4,078,900 (+601,500) 1,394,800 (+143,200)
18  Sep 2015 1,991,000 (+81,100)  4,111,300 (+32,400)  1,469,600 (+74,800)
Period  Area change in the long term (m2) Total
1985–2015 687,400 3,996,000 −576,400 4,107,000
%  53% 3466% −28% 119%
Table 5
Estimated surface areas of the three large channel bars and the corresponding river stages in each day.
Date River Stage (m) Shreves Bar (m2) Angola Landing (m2) Miles Bar (m2)
07 Nov 1984 11.0 1,027,300 16,900 0
09  Dec 1984 12.0 971,300 0 0
16  Apr 1985 15.3 922,200 0 0
22  Aug 1985 6.4 1,271,300 125,500 1,946,200
21  May 1986 9.3 1,012,900 48,900 569,100
24  Jul 1986 9.8 1,010,100 33,500 412,200
07  Nov 1984 5.5 1,556,500 159,100 2,532,500
09  Dec 1984 12.9 964,400 0 0
29  Apr 2013 14.3 811,600 1,785,600 881,900
15  May 2013 15.9 784,300 1,717,200 836,300
04  Sep 2013 7.5 1,413,500 3,753,800 1,287,400
07  Nov 2013 6.1 1,784,700 4,192,300 1,433,200
27  Feb 2014 9.8 1,005,700 2,869,400 1,127,800
05  Jul 2014 11.5 883,900 1,971,000 1,008,300
23  Sep 2014 9.1 1,102,200 3,353,000 1,273,800
25  Oct 2014 10.7 928,900 2,684,100 1,205,700
in 1985. However, the point bar showed a remarkable, continuous growth since 1985: Angola Landing was  only a 1200-m
long narrow strip in 1985 (Fig. 6a); by 1999, it had grown to a 6500-m long, 600-m wide large point bar (Fig. 6b–d). On the
whole, the bar rapidly increased before 1999, but had no large increase during 1999–2007, and then had a nearly tripled
increase from 2007 to 2011 than the period 2003–2007 (Fig. 7). When compared with Shreves Bar and Angola Landing, Miles
Bar was the largest bar in 1985. The bar showed a signiﬁcant elongation from 1985 to 1990 (Fig. 6b) but a large decline of
its emerged surface area during the 1990s (Fig. 6b–d). Afterwards, Miles Bar had a continuous increase as a new bar grew
along the west bank (Fig. 6e–h). The increase rate of it has slowed down since 2003 (Fig. 7).
As a whole, over the past 30 years, the total emerged surface area of the three major bars downstream of the
Mississippi–Atchafalaya River diversion increased by 4,107,000 m2 or 119% of that in 1985 (Table 4). Angola Landing had a
much higher increase (36 times of that in 1985 or 3,996,000 m2), when compared with Shreves Bar (53% or 687,000 m2). On
the contrary, the emerged surface area of Miles Bar showed a 28% net decrease (or −576,000 m2).
4.4. Emerged surface area – river stage rating curve
The sizes of the three studied bars at different river stages were assessed for two short time periods: 1984–1986 and
2013–2014 (Table 5), in order to develop a rating curve of surface area – river stage for each of the bars. During 1984–1986,
the lowest and highest river stages when a satellite image was  taken were 5.5 m and 15.3 m.  While Shreves Bar was never
submerged, Miles Bar was submerged at the river stage of 11.0 m and Angola Landing at the river stage of 12.0 m.  During
2013–2014, the lowest and the highest river stage were 6.1 m and 15.9 m,  and all three bars stood above the highest river
stage.
As expected, a highly close relationship between river stage and emerged surface area of the bars was  found for the
1984–1986 and 2013–2014 periods. The relationships were best ﬁtted by a 2nd-order polynomial equation, except for Miles
Bar during 2013–2014, for which a linear regression was applied (Fig. 8). All the regressions achieved a high regression
coefﬁcient (R2, 0.92–1.00), as well as a satisfactory range of standard error (SE) and coefﬁcient of variation (CV, mostly <5%)
(Table 6), showing the credibility of using the rating curves for predicting the emerged bar sizes with the river stages during
the periods.
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Fig. 8. Rating curves of emerged surface area – river stage for Shreves Bar (top), Angola Landing (middle), and Miles Bar (bottom) downstream of the
Mississippi–Atchafalaya River diversion.
Table 6
Estimation of the surface area – river stage rating curves for three large channel bars downstream of the Mississippi–Atchafalaya River diversion in 1985
and  2013. Standard error of mean (SE) and coefﬁcient of variation (CV) are calculated for each of the rating curves.
Year Bar R2 SE (m2) CV
1985 Shreves Bar 0.92 69,965 6%
Angola Landing 1.00 2595 4%
Miles Bar 1.00 27,944 3%
2013  Shreves Bar 0.99 40,385 4%
Angola Landing 0.96 228,661 8%
Miles Bar 0.94 57,176 5%
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Table 7
Changes in volume of three large channel bars downstream of the Mississippi–Atchafalaya River diversion in 1985–2013.
Bars Volume (m3) Massa (metric ton)
1985 2013   (%) 
Shreves Bar 9,677,000 9,583,000 −94,000 −1% −113,000
Angola Landing 342,000 24,985,000 24,643,000 7206% 29,572,000
Miles  Bar 4,641,000 10,363,000 5,722,000 123% 6,866,000
Total  14,660,000 44,931,000 30,271,000 206% 36,325,000
a Based on the assumption of bulk density of the bars is 1.2 metric tons per cubic meter.
4.5. Long-term change in bar volume
The volumes of Shreves Bar, Angola Landing and Miles Bar in 1985 and 2013 were estimated by taking integrals of the
rating curves of surface area – river stage developed for the bars. Based on the estimation, in 1985, Shreves Bar, Angola
Landing, and Miles Bar had a bar volume of 9677 × 103 m3, 342 × 103 m3, and 4641 × 103 m3 between the river stage of
6.1 m and 15.3 m,  respectively (Table 7). In 2013, for the same river stage range, these three bars (in the same order as above)
had a bar volume of 9583 × 103 m3, 24,985 × 103 m3, and 10,363 × 103 m3, showing a marginal change in volume for Shreves
Bar (−1%) but a 123% growth for Miles Bar and a nearly 72-folds increase for Angola Landing. As a whole, the volume of the
three bras increased more than doubled over the past 30 years.
Assuming a bulk density of 1.2 metric tons per cubic meter of the bars, the change in bar volume from 1985 to 2013
represents a deposition of 29,572 × 103 metric tons of sediment on Angola Landing and of 6866 × 103 metric tons of sediment
on Miles Bar. The mass change on Shreve Bar was  marginal (−113,000 metric tons). In total, 36 million metric tons (MT) of
riverine sediment were trapped on the three bars between river stage of 6.1 m and 15.3 m.
5. Discussion
By examining historical maps and aerial images, Kesel (2003) found that the emerged channel bars in the Mississippi
River from Cairo, Illinois to Red River Landing, Louisiana tended to adjust the amount and size from 1880 to1963, while the
bars below Red River Landing had fewer channel bars and showed little variation in size. However, the results presented in
this study indicate that dramatic changes of channel bars near Red River Landing did occur after 1985. With an average of 23%
water loss through the Mississippi–Atchafalaya River diversion, ﬂow power and sediment transport potential were largely
reduced in the river downstream of the diversion and therefore, caused consequently downstream sediment deposition. It is
evidenced by the rapid growth of Miles Bar during 1988–1991 (Fig. 9a and b) and the signiﬁcant channel widening (360 m)
during 1985–1990 in the lower section of the reach (Fig. 5). At the time, no other engineering practices functioned except
the diversion. The rapid development of Miles Bar supports the argument by Smith and Winkley (1996), who concluded that
the most signiﬁcant morphological response of the Lower Mississippi River to river engineering since the 1920s was the
formation of mid-channel bars. Brown et al. (2013) also pointed out that the adjustment of channel morphology downstream
of the diversion might include the formation of point bars and/or lateral bars.
In addition to the ﬂow regulation by the Mississippi–Atchafalaya diversion, the dike and revetment constructions within
this 10-km reach are partially responsible for the morphological change of the river channel and the bars. Dikes are nor-
mally used to enhance navigation, improve ﬂood control and protect erodible banks (Copeland, 1983). However, sediment
deposition usually occurs in the void areas between each of the dikes (Alexander et al., 2012; Nunnally and Beverly, 1986;
Smith, 1986). In the studied reach, the most signiﬁcant effect of dikes was  to stop further bank erosion after 1995 (Fig. 5).
However, how these dikes affected the sediment dynamics in the reach? To address this question, a set of satellite images
taken before and after the dike construction were examined.
Before the engineering practices, Miles Bar was well-developed and occupied most of the channel in 1988 (Fig. 10). If no
river engineering had been undertaken, more ﬂow would have been redirected into the main channel (near west bank) and
the channel should deepen, which may  cause instability and further bank erosion (Fig. 10) (Ashworth et al., 2000). In the
meantime, the minor channel near the east bank may  be most likely clogged with sediment and ﬁnally, the bar would attach
to the river bank based on the development theory of mid-channel bars (Hooke, 1986). However, with the construction of
trenchﬁll revetment in 1991 (Fig. 9b), sediment deposit on its east side was removed and a new main channel was  formed
(Fig. 9c). The built of dikes constrained the ﬂow between the area of dike ﬁeld and the trenchﬁll revetment. As a result, the
sediment deposition on the dike ﬁeld was originally belonging to Miles Bar which was  not washed away but became a new
bar core of lower Angola Landing in 1992 (Fig. 9c). For that reason, we  conclude that the initial development of lower Angola
Landing was not mainly induced by the construction of dikes but the combination results of rapid growth of Miles Bar and
the construction of the trenchﬁll revetment. On the whole, the construction of the trenchﬁll revetment and the spur dikes in
the studied reach, although developed a new navigation channel and largely changed the bar morphology, barely affected
the remarkable tendency of sediment deposition induced by the operation of Mississippi–Atchafalaya River diversion. In
fact, about 1.5 m stage increase at same discharge over the past three decades (Fig. 4) also proved that sediment deposition
occurred in the whole reach but not only around the dike ﬁeld. Apart from the dikes, the single dike built near the bar head
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Fig. 9. Morphological changes of Shreves Bar, Angola Landing and Miles Bar from 1988 to 1995. The river stage heights were similar on the four dates when
the  satellite images were taken. (a) and (b) show rapid growth of Miles Bar during 1988–1991. (c) and (d) show the initial bar tail of Angola Landing was
from  the braided Miles Bar. In addition, showing the rapid development of the Angola Landing during 1992–1995.
22 B. Wang, Y.J. Xu / Journal of Hydrology: Regional Studies 8 (2016) 10–25Fig. 10. Morphology of the channel and Shreves Bar, Angola Landing and Miles Bar in 1988 at a low river stage of 3.29 m.
of Miles Bar closed the secondary channel and initiated the development of a new bar during the period 1999–2011(Fig. 6d
and e).
In a short-term study on morphological change of meander point bars, Kasvi et al. (2015) found that the ﬂood event plays
an important role in point bar evolution: the longer the inundation of the bar, the more probable it gets net deposition. Wang
and Xu (2015) reported that Shreves Bar, Angola Landing and Miles Bar trapped a substantial amount of sediment during the
2011 Mississippi River ﬂood. In that single ﬂood, the surface area and volume of the three bars increased by 7.3% and 4.4%,
respectively, and at least 1.0 MT  sediment was deposited on the bars. In this present study, the rapid bar growth from 1992
to 1995 (Fig. 9c and d) was very likely mainly a consequence of the “Great Flood of 1993,” which created the highest mean
annual discharge at Tarbert Landing (21,880 cms) in the past three decades and caused a sharp drop in the long-term rate of
suspended sediment concentrations in the Lower Mississippi River (Horowitz, 2010). There is little doubt that ﬂoods could
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ccelerate the development of channel bars. However, for the growth of Angola Landing during 1992–1995, the effects of the
RCS cannot be excluded, as evidenced by the rapid growth of Miles Bar prior to the revetments and dikes constructions. Also,
he fastest growth of Angola landing occurred actually during the period of 1995–1999, although the mean annual discharge
15,709 cms) was slightly lower than the period of 1990–1995 (16,860 cms). This may  be resulted from the increased bend
urvature due to the migration of the main channel which may  cause remarkable lateral growth of the bar (Blanckaert, 2011).
he 80% larger bar area in 1995 than 1990 was probably more beneﬁcial for sediment capture. Overall, the morphological
hanges of Angola Landing during 1990–1995 and 1995–1999 demonstrate that the development of a channel bar is not
nly determined by river ﬂow (e.g., reduction by river diversions or increase by ﬂoods) but also related to bend development
nd morphology of bar itself. The slower development of Angola Landing during 1999–2007 was consistent with the ﬁnding
f Pyrce and Ashmore (2005) that as the development of a point bar, bedload transport across the bar would decrease.
lthough transport along thalweg increases, deposition would only occur along the bar margin. This is reasonable because
ore ﬂow and sediment would be transported downstream with increased thalweg incision. In addition, the low mean
nnual discharge from 1999 to 2007 (13,138 cms) further reduced the inundation time of Angola Landing. However, the
our years from 2008 to 2011 were all ﬂood years with a mean annual discharge of 17,507 cms. The rapid growth of Angola
anding during this period further demonstrates that ﬂoods can highly promote the development of bars even they are
ocated in a relatively mature bend. It is not surprised that the lowest areal increase rate occurred during 2011–2015 when
o ﬂoods occurred and more important, the river bend appeared to be in an equilibrium at present.
Although our estimate showed a doubled increase in volume for the three bars from 1985 to 2013, this increase
30 × 106 m3) is likely an underestimation of sediment deposition because only the emerged volume of the bars, i.e., a
iver stage height between 6.1 m and 15.3 m,  were calculated. Based on the actual geometry, the surface area of these bars
and most river channel bars) becomes larger with decreasing river stage. Therefore, it is highly likely that a large quantity
f sediment (probably sands) is deposited on the bases of these bars below the river stage of 6.1 m.  Little and Biedenharn
2014) estimated a total sediment volume increase of 31 × 106 m3 for the same river reach (excluding Shreves Bar) from
992 to 2012. This estimate for 20 years was higher than our estimate for 30 years and, considering riverbed aggradation
rom 1985 to 1992, the actual sediment deposition in the reach from 1985 to 2013 should be much larger than 31 × 106 m3.
he ﬁndings further indicate that accumulation of sediment in subaqueous areas of the bars may  have occurred.
According to Joshi and Xu (2015), a total of 789 million metric tons (MT) sand load would have been discharged at Tartbert
anding from 1985 to 2013. Our conservative estimate of sediment deposition on the three bars is 36 MT  (mostly coarse
ediment by ﬁeld observation) which only accounts for a relative small portion of the total discharged sand load (i.e., 4.6%).
owever, there are hundreds of emerged channel bars located in the Lower Mississippi River between Cairo, Illinois and
he ORCS, and many of them extend several kilometers. The sediment deposited on these bars in the long term could be
n astronomical number. The success of proposed sediment diversions in the Lower Mississippi River greatly relies on the
nough riverine sediment supply (Davis, 1997; Thorne et al., 2008). The trapped sediment on the emerged channel bars
hould be considered as a precious resource for coastal restoration in the sinking Mississippi River Delta. Future studies
re needed to estimate the amount of sediment deposited on those channel bars and to explore the ways to mobilize the
ediment resources downstream.
. Conclusions
This study contributes to a quantitative understanding of large river diversion effects on channel morphology and sed-
ment deposition nearby downstream. The utilization of 3-decadal satellite images and daily hydrological data allowed a
ong-term and continuous assessment of the morphological changes, rather than event-based short-term studies. Based on
he results, we conclude that diversion of the Mississippi River into the Atchafalaya River has caused signiﬁcant changes of
he channel morphology and sediment deposition on channel bars nearby downstream. The greatest change was  the rapid
rowth of a point bar on the convex bank, amassing a total volume of 30,271,000 m3 (approximately 36 million metric tons
f sediment, assuming a bulk density of 1.2 t/m3). The construction of revetments and dikes in the studied river reach has
lso contributed to the changes, especially the distribution of sediment deposition. The ﬁndings highlight the importance of
ocation-speciﬁc strategies in large river diversions for future ﬂow and sediment regulation. Furthermore, the study demon-
trates the great usefulness of remote sensing in quantifying long-term changes in sediment deposition on river channel
ars.
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